Introduction
Metal-organic frameworks (MOFs) are highly-crystalline porous materials constructed from organic linkers and metal ions that have recently revolutionized various research fields, including gas separation, sensing technology, drug delivery and energy conversion. [1] [2] [3] [4] [5] [6] [7] [8] [9] Properties of tunable porous geometry, ultrahigh specific surface area and porosity as well as abundant reactive metallic sites indicate MOFs as unprecedented heterogeneous catalysts with promising catalytic performance. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Although it is well known that liquid-phase catalytic activity can be improved via increasing the accessibility of catalytic sites, 20, 21 MOF crystals with strong tendency to aggregate in solution inevitably suffer from retarded mass transfer and reduced interfacial area, and this consequently hampers their catalytic capability. 22, 23 To conquer the problem of limited dispersibility, progress has been continuously made. Due to the complimentary material nature, polymers are prevalently introduced into MOFs, 24 forming polymer/MOF composites with refined properties, such as integration of bindertethered MOF crystals into membranes, [25] [26] [27] or polymer-covered MOF solids with enhanced dispersibility in solution. [28] [29] [30] [31] Unfortunately, most of the strategies still suffer from a trade-off, i.e. the MOF surface, which is catalytically active, is covered by polymers, namely, the accessibility to active sites is adversely restricted. Hence, a smart design of MOF stabilizers with strengthened activity is constantly pursued. To break such trade-off, in this study instead of using highly mobile, freeformed polymer chains, surface-anchored polymer brushes on a pivot with constrained two-dimensional (2D) mobility and preserved space in-between are developed in this study. The polymer-functionalized pivot then acts as an anchor to disperse the MOFs for catalytic purposes (Scheme 1). In reactor-design, hollow structures are highly favored due to improved mass transfer, leading to enhanced capacities and catalytic properties. [32] [33] [34] are conveniently utilized as an alternative to artificial materials, serving as pivots for grafted polymers. Owing to the hydroxy groups and sporopollenin on the pollen shell, the surface of pollen is not only bio-compatible, but also easily functionalizable with diverse polymers. [35] [36] [37] Other advantages of high accessibility, light weight, and high mechanical and chemical resistance can further expand the usability. 36, [38] [39] [40] Poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) is well-known for its stimuli-responsive properties. 41, 42 The chain conformation is strongly dependent on temperature, pH or solvent polarity. Namely, extended coiled chains are observed in good solvent, in an acidic environment (i.e. pH o pK a = 7.4) or at temperature below the lower critical solution temperature (LCST). By contrast, a collapsed globular conformation is presented. In particular, the amine group from each DMAEMA monomer features interfacial activity that enables coordination binding to metallic complexes. 43 Taking advantage of this feature, a universal and adjustable MOF-targeting nano-anchor is introduced through combining a biotemplate as a facile, unique supporter and 2D PDMAEMA brushes with responsive properties and localized affinity to MOFs. The strategy to fabricate environment-responsive dispersed MOF crystals is illustrated in Scheme 1. The surface initiated activators regenerated by electron transfer atom transfer radical polymerization (SI-ARGET ATRP) was applied to graft welldefined PDMAEMA brushes on the surface of washed pollen, giving ''smart'' PDMAEMA functionalized pollen (P-pollen). Subsequently, by using PDMAEMA as a specific anchor, MOF nanocrystals were trapped on the surface of P-pollen, forming MOF@P-pollen composites with nanoMOFs well dispersed on P-pollen. Referring to the stimulable chain conformations of PDMAEMA (i.e. stretching or recoiling), MOF@P-pollen featuring adjustable dispersibility is demonstrated in various liquid-phase photocatalysis reactions, resulting in a significantly enhanced catalytic performance. Moreover, an artificial switchable on-off catalysis system is achieved by external stimuli, a reminiscent process of biomimetic catalysis that is an ongoing challenge for synthetic chemistry. [44] [45] [46] Results and discussion
Incorporation of Cu 2 (bdc) 2 (dabco) on P-pollen
The detailed functionalization process and incorporation of MOFs on P-pollen are illustrated in the ESI. † Generally, due to the controlled SI-ARGET ATRP polymerization, pollen grains with varied grafting density were prepared via using different concentrations of grafted initiator, for example, 0.5, 1, 2, 3 and 5 wt%. As shown in the ICP-OES results (Fig. S1 , ESI †), an increasing incorporation of initiator on the pollen grains is detected, indicating that P-pollen with varied grafting density can be prepared consistently. Due to the controlled property of SI-ARGET ATRP, the grafting density of polymer brushes (s p ) can be assessed by eqn (S1) (ESI †), 47 giving s p = 0.32 chain nm À2 .
An adjustable grafting density is of particular advantage for chain length control of grafted brushes. Based on exponential scaling behavior shown in eqn (S2) (ESI †), a higher grafting density (s p Z 0.3 nm À2 ) is a core factor for extended polymers with increased steric hindrance. Thus, polymer chains can act as steric stabilizers to prevent the agglomeration of dispersed particles. 48, 49 Successful trapping of Cu 2 (bdc) 2 (dabco) by P-pollen is revealed by energy-dispersive X-ray (EDX) mapping of the obtained composite, where the signals assigned to Cu with homogenous distribution are observed on the P-pollen (Fig. 1a) . The morphology of the Cu 2 (bdc) 2 (dabco)@P-pollen composite is investigated by field emission scanning electron microscopy (FE-SEM) (Fig. 1b) . The Cu 2 (bdc) 2 (dabco) crystals with sizes around 100 nm anchored on the hierarchically porous P-pollen are clearly observed. An obvious transition in the powder X-ray diffraction (PXRD) from amorphous pollen to crystalline Cu 2 (bdc) 2 (dabco)@P-pollen with consistent peak positions with the parent Cu 2 (bdc) 2 (dabco) further evidences the fabrication of Cu 2 (bdc) 2 (dabco)@P-pollen (Fig. 1c) . The slight variation of relative peak intensity in the forming hybrid systems is attributed to the effect of preferred orientation of MOF crystals in the Cu 2 (bdc) 2 (dabco)@P-pollen composite, the solvent effect on metal sites or the interaction between the MOF crystals and P-pollen. [50] [51] [52] [53] Based on the PXRD profiles and the DebyeScherrer equation (eqn (S3), ESI †), 54, 55 the average crystal size of the as-synthesized Cu 2 (bdc) 2 (dabco) and Cu 2 (bdc) 2 (dabco)@ P-pollen is calculated to be B85 nm and B75 nm, respectively, which is consistent with the FE-SEM images.
The remaining hollow structure of Cu 2 (bdc) 2 (dabco)@P-pollen which facilitates mass transfer in catalytic reactions is further advocated by FE-SEM cross section images (Fig. S2 , ESI †). The association amount of Cu 2 (bdc) 2 (dabco) was determined by ICP-OES, giving a mass loading of 28 wt% on P-pollen (Table S1 , ESI †).
The overall functionalization process is traced by ATR-FTIR spectroscopy showing the combined signals from pollen, PDMAEMA and Cu 2 (bdc) 2 The interaction between MOF and P-pollen is further revealed by solid-state UV-vis spectroscopy to assess the individual optical band gap, E G , by the Tauc equation (eqn (S4), ESI †). 57 As shown in Fig. S4 (ESI †), the Cu 2 (bdc) 2 (dabco) has a major absorption in the range of 250-350 nm with E G = B3.5 eV. However, upon coordination with P-pollen (E G = B1.7 eV), the spectrum of the Cu 2 (bdc) 2 (dabco)@P-pollen composite shows a broad absorption in the visible-light region (400-550 nm), with the corresponding band gap around 1.4 eV. Such improved absorption ability of the MOF@P-pollen composite is attributed to the strong coordination between P-pollen and Cu 2 (bdc) 2 (dabco). Compared to Cu 2 (bdc) 2 (dabco), the shifting absorption assigned for the d-d band of Cu 2+ (600-800 nm) in Cu 2 (bdc) 2 (dabco)@P-pollen further evidences the slightly varied configuration after association. 58, 59 Considering the broad absorption of pollen (200-900 nm), 60 such high absorption in Cu 2 (bdc) 2 (dabco)@P-pollen could result from the overlap spectra of Cu 2 (bdc) 2 (dabco) and P-pollen. S4 and S5 , ESI †). Consequently, based on the distinct absorption behavior of different complexes, it suggests that a synergic effect between the grafted PDMAEMA brushes, pollen pivots and MOFs contributes this promising absorption behavior.
Universal strategy to diverse MOF@P-pollen composites
Surprisingly, the proposed strategy is highly applicable to a large variety of MOF@P-pollen with environment-responsive dispersibility (Fig. 2) . Here, diverse MOFs, such as MOF-5, MOF-74-Zn, Zn 2 (bdc) 2 (dabco), Cu(bdc), HKUST-1 and ZIF-67, with mass loading of 18-36 wt% on P-pollen are demonstrated to present the versatility of the current strategy (Table S1 , ESI †). The association and preservation of the specific MOF structure are confirmed by FE-SEM and PXRD (Fig. S6 , ESI †). Accordingly, the eminent compatibility between P-pollen and various MOFs can be thus stated and further extended to other systems.
Adjustable dispersibility of MOF@P-pollen composites
The incorporated PDMAEMA in MOF@P-pollen allows investigation of environment-responsive dispersibility. The solvent-dependent dispersibility is widely probed by dynamic light scattering (DLS) in various solvents and pH (i.e. DCM, THF, acetone, methanol, toluene and water with pH = 1, 7 or 14). Considering the large particle size of pollen (B30 mm), PDMAEMA chains cut from P-pollen were utilized in DLS analysis. As shown in Fig. S7 (ESI †), the decreasing hydrodynamic diameter (d, nm) is correlated with increasing solubility of PDMAEMA brushes in specific solvent. That is, the smallest d is detected in DCM or acid (13.5 or 8.7 nm) due to the highly dissolved PDMAEMA chains, and the size increases in toluene and neutral water (712 or 255 nm) owing to the recoiled morphology. Severe aggregation is eventually observed in basic solution (d = 1.7 mm). For the stability of MOFs, DCM and toluene are utilized to test the responsive dispersibility of the as-fabricated MOF@P-pollen composites. As shown in Fig. 1d -h, dispersibility of native MOF crystals and pollen grains is detected neither in DCM nor in toluene. However, by association on P-pollen, the Cu 2 (bdc) 2 (dabco)@P-pollen becomes well dispersed in DCM for more than 3 weeks due to highly extended polymer chains in the good solvent. Conversely, in the poor solvent, toluene, precipitation was observed in 3 min. Such solventdependent dispersibility is reproducible in the other MOF@P-pollen composites as well (Fig. 2) . Because the dissolution of polymer chains in solvent is mostly related to hydrogen-bonding or electrostatic interactions 61 with weaker interaction strength (10-40 kJ mol
À1
) than coordination bonds (B10 2 kJ mol À1 ), the leakage of coordinated MOFs within solvent transition could be very limited. 62 Furthermore, during MOF synthesis intensive washing was conducted to select robust MOF crystals with a larger particle size and higher stability for MOF@P-pollen preparation. Thus, as a prerequisite for catalysis, merely robust composites are prepared. The detailed pretreatment is illustrated in the ESI. † The high stability and sustainability of Cu 2 (bdc) 2 (dabco)@P-pollen is further reported by negligible Cu 2+ leaching in solution in the following catalytic reaction.
Environment-responsive visible light-triggered Cu(I)-catalyzed alkyne-azide cycloaddition (CuAAC) via Cu 2 (bdc) 2 (dabco)@P-pollen
The MOF@P-pollen with high dispersibility in DCM is investigated for liquid-phase heterogeneous catalysis. Here, the copper(I) catalyzed azide-alkyne cycloaddition (CuAAC) reaction was chosen as a model reaction. As Cu 2 (bdc) 2 (dabco) is sensitive to visible light, by which Cu(II) can be in situ reduced to Cu(I) to catalyze reactions, 63 the visible light-mediated CuAAC reaction is especially demonstrated (Fig. 3a) . The synthesis of the starting materials and detailed processes are illustrated in the ESI. † The initial catalytic test advocates the photocatalytic property of Cu 2 (bdc) 2 (dabco)@ P-pollen under visible light irradiation at ambient temperature (Fig. 3b) . The time-dependent gas chromatography-mass spectrometry (GC-MS) profiles reveal the gradual consumption of starting alkyne, with the accumulation of triazole product ( Fig. 3c and Fig. S8 , ESI †). As the pollen and PDMAEMA are photoinert in the reaction (Fig. S9 , ESI †), Cu 2 (bdc) 2 (dabco) is assumed to be the only catalytic active species. To ascertain the role of light in triggering Cu 2 (bdc) 2 (dabco)@P-pollen for photocatalysis, the characteristic temporal-controlled reactivity is then conducted. Namely, the on/off reaction was conducted by using intermittent light irradiation and dark treatment. As shown in Fig. S10 (ESI †), the photo-CuAAC reaction proceeded much faster under light irradiation, and conversely exhibited very limited activity during the ''dark'' periods. As shown in Fig. 4a and Table S2 (ESI †), the catalytic activity of the composites is evaluated by turnover number (TON) and turnover frequency (TOF). Under the condition of irradiation by visible light at ambient temperature, the best activity is achieved by Cu 2 (bdc) 2 (dabco)@P-pollen in DCM, giving conversion of B93% in 10 h with TON and TOF of 2078 and 208 h À1 respectively. Compared to the previously reported TOF of around 5-10 h À1 , 64-66 the given reactivity is -to the best of our knowledge -amongst the highest values for heterogeneous catalysts in a visible light-triggered CuAAC reaction at ambient temperature without the addition of reducing agents. 29, [64] [65] [66] Such eminent catalytic efficiency suggests that by introducing the P-pollen with well-constrained polymer brushes and hollow pollen pivots, the dispersibility and accessibility of the MOF's catalytic sites can be significantly improved, leading to surprisingly high activity of the MOFs in liquid-phase photocatalytic reactions.
A control experiment catalyzed by innate Cu 2 (bdc) 2 (dabco) with only B33% of conversion and 74.3 h À1 of TOF in DCM after 10 h supports this hypothesis. The restrained activity of the innate MOF is ascribed to the aggregated crystals with less accessible catalytic sites. To ascertain the improved accessibility of MOF catalytic sites in Cu 2 (bdc) 2 (dabco)@P-pollen, the catalytic complex comprised by free-formed polymers, but without the pivot (i.e. Cu 2 (bdc) 2 (dabco)@PDMAEMA) was also prepared and applied as a comparison. Although the dispersion of Cu 2 (bdc) 2 (dabco)@PDMAEMA in DCM is excellent (Fig. 1h) , the slowest reaction rate is detected with conversion of merely B23% and TOF = 53 h À1 after 10 h. Presumably, the highlydissolved polymer chains that initially enhance dispersion lead to less accessible catalytic sites (i.e. Cu ions) due to the freelyjointed/folding conformation, resulting in the most restricted accessibility and low catalytic activity. In summary, by comparing to the other catalytic complexes, the outstanding activity observed in Cu 2 (bdc) 2 (dabco)@P-pollen could be attributed to the synergistic effect contributed by the MOF catalysts, the hierarchical hollow pollen structure with favorable mass transfer and, most importantly, the enhanced accessibility of catalytic sites efficiently distributed by polymers anchored on the pivot. Subsequently, two other solvents, methanol and THF, were applied to demonstrate the wide applicability and adjustable reactivity of MOF@P-pollen. As shown in Fig. S11 (ESI †), corresponding to DCM and toluene, different reactivity of Cu 2 (bdc) 2 (dabco)@P-pollen is detected in methanol and THF. Compared to DCM, a slower reaction rate is observed from methanol to THF, resulting in a decreased TOF from 207.8 h
À1
in DCM to 72.6 h À1 in methanol and 48.8 h À1 in THF. However, the catalytic ability and TOF in these solvents is still higher than that in the poor solvent, toluene (TOF = 23.6 h À1 ). The reaction rate declines in the order of DCM 4 methanol 4 THF 4 toluene, which can be attributed to the PDMAEMA brushes getting contracted with gradually buried catalytic sites on the MOF surface. The solvent-dependent catalytic behavior is in line with the DLS results (Fig. S7, ESI †) , indicating that the catalytic property of Cu 2 (bdc) 2 (dabco)@P-pollen is highly tunable based on the environment.
Switching and reusability of MOF@P-pollen composites
As shown in ). Owing to the heterogeneous and environment-responsive dispersibility of Cu 2 (bdc) 2 (dabco)@P-pollen, a switchable catalysis system with high reusability is further attempted through continuously and alternatively immerging in DCM or toluene. This process was repeated three times without noticeable change in the activity (Fig. 4b) . ICP-OES revealed a negligible leakage (B15 ppm) after three cycles (Table S3 , ESI †), and together with the preserved MOF microstructure shown in the PXRD profiles (Fig. S12 , ESI †) points out the robustness and high sustainability of the as-prepared bio-hybrid composites. The current system can even be extended to at least five cycles with consistent activity and product yield (Fig. S13, ESI †) . The switching catalytic performance (i.e. fast/slow reaction) should stem from the alternative exposure and burying of MOF catalytic sites by reversible extension/recoiling of the PDMAEMA brushes.
The sensitivity of the catalytic activity can then be demonstrated by using a mixed solvent. As shown in Fig. 4c , when the catalytic reaction started in DCM solution, 19% conversion is observed in the first 3 h. However, after two-third of the DCM mixture was replaced with toluene mixture (i.e. fresh reagents dissolved in toluene), a deactivated behavior is presented in the toluene-dominant solution (i.e. DCM : toluene = 1 : 2 equiv.), resulting in a slowed reaction in the next 3 h. Following the same strategy, the activity of the catalyst can be regained by replacing two-thirds of the given toluene-dominated solvent with fresh DCM mixture, forming again the DCM-enriched solution with enhanced reactivity. In the mixed-solvent test, before each measurement the reactions were centrifuged to keep the catalysts at the bottom of the vial, and then two-thirds of the solution was exchanged with the next test mixture (i.e. DCM or toluene). Thus, the concentration of an individual catalyst was consistent throughout the reaction, and only the solvent ratio was changed (see Experimental section in ESI † for detail). Compared to the conditions using pure solvent in Fig. 4a and b, the switching phenomenon is less significant in the mixedsolvent system (Fig. 4c) due to the mixed solvent with a ratio of 2 : 1. The varied reactivity reveals the high adjustability and sensitivity of Cu 2 (bdc) 2 (dabco)@P-pollen towards the environment.
Temperature control of Cu 2 (bdc) 2 (dabco)@P-pollen Due to the typical LCST character, the PDMAEMA brush is highly extended at temperatures below the LCST, and seriously contracts above the LCST. Because of such dramatic morphology change, a distinct thermal-switching catalyst reverse to conventional thermal-active catalysts can be designed. The LCST of PDMAEMA depends on molecular weight, pH, salt concentration, solvent hydrophobicity and so on. 41, 67 In general, the LCST of PDMAEMA is around 65 1C, and decreases according to the solubility in different solvents. Namely, the LCST in DCM should be higher than that in toluene due to the stronger solvent-polymer interactions by which the polymer chains remain extended in a wider temperature range. 68 The cloud point of PDMAEMA was determined in the reaction mixture (azide, alkyne and DCM) to be around 55 1C by UV-vis (Fig. S14 , ESI †). Therefore, to investigate the LCST-responsive catalytic property of Cu 2 (bdc) 2 (dabco)@P-pollen and to act as a comparison to ambient temperature, a photoCuAAC reaction is conducted at 65 1C, a temperature higher than the cloud point. As summarized in Fig. S15 and ), the MOF@P-pollen acts as a thermal switch which deactivates the reaction (TOF: 243 h À1 ) at high temperature. The restrained reactivity is due to seriously collapsed PDMAEMA blocking the catalytic sites temporarily from reagents at temperatures above the LCST. It is worth mentioning that the activity can be restored at ambient temperature.
Environment-responsive visible light-triggered photodegradation via Cu 2 (bdc) 2 (dabco)@P-pollen Cu 2 (bdc) 2 (dabco)@P-pollen with switchable catalytic activity can be extended to other photocatalytic reactions, for example the photodegradation of Rhodamine B (RhB). The reaction was easily monitored by UV-vis spectroscopy, recording the varied absorbance at 554 nm assigned to RhB. As shown in Fig. 5 and Fig. S16a (ESI †), in DCM the catalyst achieves quantitative degradation in 165 min, while the catalysis is restricted in toluene, giving only B20% degradation within the same time. The pseudo-first-order rate constant (k) estimated from timedependent UV-vis spectra reveals that the catalytic activity is modulated by more than ten times (k DCM = ) and toluene (k toluene = 0.56 h
À1
) is observed by using Cu 2 (bdc) 2 (dabco) as a catalyst (Fig. S17a and b, ESI †) . The photodegradation result is in line with the photo-CuAAC reaction (Fig. 3) , advocating the prominent catalytic and environmentresponsive property of the as-designed Cu 2 (bdc) 2 (dabco)@P-pollen. No obvious degradation is detected under blank conditions, indicating that the decomposition of RhB is catalyzed by the applied MOF catalyst ( Fig. S17c and d, ESI †) . Furthermore, the stability of Cu 2 (bdc) 2 (dabco) and the MOF@P-pollen composite can be revealed by the highly consistent PXRD profiles before and after the photodegradation (Fig. S18 , ESI †). It should be noted that a shift of UV-vis spectrum in Fig. 5a is observed, which is due to the N-deethylation of RhB. [69] [70] [71] [72] As illustrated by other researchers, the hyposochromic shift in the absorption peak results from the step-by-step cleavage and deethylation of RhB. The variation in the degradation mechanism is ascribed to different surface properties of the MOF photocatalysts, leading to different intermediates.
Conclusions
In summary, a facile and universal strategy to improve the dispersibility of MOF crystals without debilitating the catalytic potential is presented. Surpassing the previously-established methods which improve MOF dispersibility under a sacrifice of reactivity, via introducing PDMAEMA-functionalized pollen as ''smart'' anchors, nanoMOFs can be effectively trapped and stabilized with not only enhanced dispersibility, but enhanced catalytic performance in liquid-phase photocatalysis. Owing to the stimuli-responsive polymers, the associated nanoMOFs can be reversibly exposed (catalytic active) or buried (catalytic inactive) to exhibit a switchable catalytic behavior. Considering the eminent compatibility between P-pollen and MOFs, the current work opens up a new perspective in developing stimuli-responsive MOF heterogeneous catalysts with restrengthened activity.
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